INTRODUCTION
============

Members of the positive-strand RNA virus family *Flaviviridae* are small, enveloped viruses containing a single-stranded RNA genome. *Flaviviridae* is classified in three genera (*Flavivirus, Pestivirus* and *Hepacivirus*), with important human and/or animal pathogens present in each genus, having considerable global health and socio-economic impacts. Hepatitis C virus (HCV; a hepacivirus) is estimated to infect more than 120 million persons worldwide, corresponding to a prevalence of 2.2--2.5% in the human population ([@B1]). Chronic HCV infection may entail serious progressive liver disease, including liver cirrhosis and hepatocellular carcinoma (HCC), and is the most important indication for liver transplantation ([@B2]). Major arthropod-borne pathogens of the flaviviruses include West Nile virus (WNV), yellow fever virus (YFV), dengue virus (DEN) and tick-borne encephalitis virus (TBEV); while pestiviruses, including bovine viral diarrhoea virus (BVDV) and classical swine fever virus (CSFV), are animal pathogens infecting livestock and wild ruminants. Viruses from the three genera share fundamental features in their genome organization, replication strategy and virion morphology, but at the same time they exhibit an impressive collection of genus- and virus-specific adaptations ([@B3]).

The genome of *Flaviviridae* encodes a single, long polyprotein which is co- and post-translationally processed by cellular and viral proteases to yield the mature structural and non-structural proteins of the virus ([@B3]). The core (capsid) protein, located at the N-terminal region of the polyprotein, is a small, highly basic RNA-binding protein that presumably encapsidates and coats the genomic RNA in the viral particle. Besides their highly basic character, core proteins from the three *Flaviviridae* genera do not exhibit significant sequence similarities or any apparent common features in domain organization. Hepacivirus core proteins ([Figure 1](#F1){ref-type="fig"}) are generated in their mature form via successive cleavages of the polyprotein by the endoplasmic reticulum-associated signal peptidase (SP) and signal peptide peptidase (SPP) enzymes ([@B4; @B5; @B6; @B7]). The mature proteins consist of two domains: the N-terminal domain 1 (D1) which constitutes the RNA-binding region, and the C-terminal hydrophobic domain (D2) which targets HCV and GBV-B core proteins to intracellular lipid droplets ([@B5],[@B8],[@B9]). Flavivirus capsid proteins are released from the viral polyprotein by the action of the virus-encoded NS2B--NS3 serine protease complex ([@B10; @B11; @B12]). In contrast to hepaci- and flaviviruses, where the core protein is located at the exact N-terminus of the polyprotein, in pestiviruses core is preceded by the N-terminal protease (N^pro^). The N-terminus of mature core is generated by an autocatalytic cleavage of N^pro^, while the C-terminus is processed successively by SP and SPP, similarly to hepacivirus core processing ([@B13; @B14; @B15; @B16]). At present, pestivirus core proteins are biochemically and structurally poorly characterized. Figure 1.Disorder prediction in *Flaviviridae* core proteins. Disordered regions in HCV, GBV-B, WNV and BVDV core proteins (accession numbers D89872; AF179612; AF481864; and AF220247, respectively) were predicted using the DisProt VL3-H predictor (<http://www.ist.temple.edu/disprot/predictor.php>). An amino acid with a disorder score above 0.5 is considered to be in a disordered environment, while below 0.5 to be ordered. The predicted disorder is illustrated by a colour scale, with highly flexible segments in red and well-folded domains in green. Basic and acidic amino acid residues are indicated by dark blue and mauve symbols, respectively.

RNA chaperones are abundant proteins in all living organisms and some viruses. They are thought to function by providing assistance to the correct folding of RNA molecules by preventing their misfolding or by resolving misfolded RNA species ([@B17]). At every stage of cellular RNA metabolism, including transcription, RNA transport, translation and storage, RNA molecules are associated with a distinct subset of chaperone molecules, which protect them and help in their folding process ([@B18; @B19; @B20]). Examples of cellular RNA chaperone proteins include the major messenger ribonucleoprotein particle (mRNP)-associated protein YB-1, the fragile X mental retardation protein (FMRP), and several hnRNP proteins ([@B18]). In viruses, human immunodeficiency virus type 1 (HIV-1) nucleocapsid protein represents a canonical example of a multifunctional RNA chaperone ([@B21; @B22; @B23]).

Importantly, RNA chaperones are able to promote profound structural rearrangements in RNA without ATP consumption. Based on the high proportion of intrinsically unstructured regions in RNA chaperones, Tompa and Csermely ([@B24]) recently suggested an elegant model for the ATP-independent mechanism of chaperone function. According to the 'entropy exchange model', highly flexible protein regions would undergo disorder-to-order transition upon binding to RNA, concomitantly melting the RNA structure through an entropy exchange process. The de-stabilized RNA then could search the conformational space again, eventually reaching its most stable conformation upon cyclic protein binding and release ([@B24]).

We previously reported that the core protein of HCV possesses RNA chaperone activities *in vitro* ([@B25],[@B26]). In this study, we examined whether this activity is conserved in the *Flaviviridae* family. We found that the core proteins of the hepacivirus GBV-B, the pestivirus BVDV and the flavivirus WNV all exhibit RNA chaperone activities *in vitro*. In addition, since core proteins from the three genera show marked differences in their sequence and domain organization, their shared features may give insights into the underlying common characteristics of RNA chaperones. Thus, using the *Flaviviridae* core proteins as a model system, we examined whether highly flexible, intrinsically unstructured protein regions play an important role in mediating RNA chaperoning, as predicted by the entropy exchange model. By a combination of far-UV circular dichroism (CD) spectroscopy, heat denaturation and *in vitro* chaperone assays, we show that short, highly basic and flexible protein segments are a hallmark of active RNA chaperone domains in *Flaviviridae* core proteins.

MATERIALS AND METHODS
=====================

Proteins and peptides
---------------------

Recombinant HCV genotype 1b core (corresponding to amino acids 2--169 and 2--117; accession number D89872) and GBV-B core (amino acids 2--155; accession number AF179612) proteins were expressed in *Escherichia coli* and purified as previously described ([@B25],[@B27; @B28]). HCV core proteolytic fragments (amino acids 2--54 and 90--159) were generated by endoproteinase Glu-C cleavage of HCV core(2--169) and purified by HPLC as previously reported ([@B25]). WNV core (amino acids 2--105; accession number AF481864) and BVDV core (amino acids 2--91; accession number AF220247) were cloned, expressed and purified as previously reported for HCV core ([@B27]) except that the proteins were purified from the *E. coli* soluble fraction under non-denaturating conditions. All the purified proteins were stored in a buffer containing 20 mM sodium phosphate (pH 7.4) and 5 mM 2-mercaptoethanol and were \>95% pure as revealed by SDS--PAGE (Supplementary Figure 1).

WNV core peptides were synthesized on an ABI 433 apparatus with Fmoc-OH/DCC/Hobt chemistry. The peptides were cleaved by a TFA solution with classical scavengers and precipitated in diethyl ether. The precipitate was centrifuged and the pellet was solubilized in water and lyophilized. The crude peptides were dissolved in water and purified on Vydac column (C18, 5 µm, 250 × 10 mm) with an appropriate gradient of B (70% acetonitrile, 0.09% TFA solution in water). Purified peptides were characterized by electrospray mass spectrum (SCIEX API 165) at 2567 UMA for peptide WNV 1--24 and 3041 UMA for peptide WNV 80--105, and by HPLC apparatus HP 1100 on analytical column Vydac (C18, 5 µm, 250 × 4.6 mm) in a gradient of 30 min from 10 to 90% of B.

Oligodeoxynucleotide (ODN) labelling
------------------------------------

Oligonucleotides corresponding to the HIV-1 TAR sequence (MAL strain) in the sense and anti-sense orientation were purchased from Eurogentec (Belgium). Tar(+): 5′ G G T C T C T C T T G T T A G A C C A G G T C G A G C C C G G G A G C T C T C T G G C T A G C A A G G A A C C C; Tar(--): 5′ G G G T T C C T T G C T A G C C A G A G A G C T C C C G G G C T C G A C C T G G T C T A A C A A G A G A G A C C. Tar(−) was ^32^P-labelled with 50 µCi of γ^32^P-ATP using T4 polynucleotide kinase (Invitrogen), and subsequently purified by 10% PAGE, 7 M urea in 0.5× TBE.

*In vitro* RNA synthesis
------------------------

In order to obtain template DNAs, plasmids pR3 and pS14 were digested by PstI and treated with Klenow polymerase (Invitrogen) to remove 3′ overhangs. *In vitro* transcription was carried out using T7 RNA polymerase, according to the manufacturer\'s instructions (Promega). RNAs were labelled by incorporation of α^32^P-UMP during *in vitro* transcription. RNAs were purified on a 8% denaturing polyacrylamide gel containing 7 M urea in 50 mM Tris--borate, pH 8.3, 1 mM EDTA (0.5× TBE) and recovered by elution in 0.3 M sodium acetate--0.1% SDS for 4 h at 37°C, followed by ethanol precipitation.

DNA annealing
-------------

Fifteen femtomoles of Tar(+) and equal amounts of ^32^P-labelled Tar(−) ODNs were incubated with or without protein in 10 µl of annealing buffer (20 mM Tris--HCl, pH 7.0, 30 mM NaCl, 0.1 mM MgCl~2~, 10 µM ZnCl~2~ and 5 mM DTT). Standard reactions were performed at 37°C for 5 min, except for the heat-annealed positive control which was incubated at 62°C for 30 min. Protein (peptide)-to-nucleotide molar ratios are indicated in the figure legends. In order to assess the resistance of RNA chaperone activity to heat denaturation, proteins were boiled for 5 min and chilled on ice prior to incubation with the ODNs. Annealing reactions were stopped with 5 µl of 20% glycerol, 20 mM EDTA, pH 8.0, 0.2% SDS, 0.25% bromophenol blue and 0.4 mg/ml calf liver tRNA ([@B29]). DNAs were resolved by 8% native PAGE in 50 mM Tris--borate, pH 8.3, 1 mM EDTA (0.5× TBE). Double-stranded versus single-stranded DNA ratios were determined by autoradiography and PhosporImager quantification.

Hammerhead ribozyme cleavage
----------------------------

R3 ribozyme and S14 substrate RNAs were independently heated for 1 min at 90°C in water. Reaction buffer was added to yield final concentrations of 5 mM MgCl~2~, 100 mM NaCl, 20 mM Tris--HCl, pH 7.5 and RNAs were slowly cooled down to 37°C. Following a further 5 min incubation at 20°C, 5 nmol R3 and 30 nmol S14 were combined in a final volume of 10 µl, and proteins were added at a final protein-to-nucleotide ratio as indicated in the figure legends. Standard reactions were incubated for 25 min at 37°C and stopped by adding 20 µl of stop solution (0.5% SDS, 25 mM EDTA). RNAs were phenol--chloroform extracted, followed by ethanol precipitation and resuspension of the pellet in 10 µl of loading buffer (45% formamide, 0.5× TBE, and 0.1% bromophenol blue). RNAs were resolved on an 8% denaturing polyacrylamide gel containing 7 M urea in 50 mM Tris--borate, pH 8.3 and 1 mM EDTA (0.5× TBE). Product-to-substrate ratios were determined by autoradiography and PhosporImager quantification.

CD spectroscopy
---------------

CD spectra were recorded on a Chirascan (Applied Photophysics) spectrophotometer. Routinely, measurements were done at 20°C in a 0.02 cm path-length quartz cuvette (Hellma) with protein concentration of 20 µM in 20 mM sodium phosphate buffer (pH 7.4) containing 5 mM 2-mercaptoethanol. Spectra were recorded in the 180--260 nm wavelength range with 0.1 nm increments and 2 s integration times. Protein secondary structure content was determined by using the k2d method of spectral deconvolution at the Dichroweb web facility (<http://www.cryst.bbk.ac.uk/cdweb/html/home.html>). Denaturation and renaturation were recorded at 222 nm from 20°C to 95°C with a denaturation speed of 1°C/min and with measurement each 0.5°C.

RESULTS
=======

Prediction of disordered regions in *Flaviviridae* core proteins
----------------------------------------------------------------

RNA chaperone proteins do not share a consensus RNA-binding domain or motif that would make possible their identification from amino acid sequences or structural information alone. However, mostly disordered regions with a highly basic character are probably a hallmark of RNA chaperones ([@B20],[@B24]) and, together with clues from protein function, can be considered as an indication for RNA chaperone activities. Indeed, these flexible regions may undergo disorder-to-order transition upon binding to a misfolded RNA structure, and help in its folding process by an entropy exchange mechanism, as proposed by Tompa and Csermely ([@B24]). As a proof-of-concept, successful identification of an active RNA chaperone domain in the Gypsy retrotransposon Gag protein---based on disorder prediction and charge distribution---has been reported ([@B30]).

We used the DisProt VL3-H neural network predictor, developed by Dunker *et al*. \[<http://www.ist.temple.edu/disprot/predictor.php> ([@B31])\] to assess intrinsic disorder in core proteins from the three *Flaviviridae* genera ([Figure 1](#F1){ref-type="fig"}). DisProt predictors can identify relatively long unstructured regions with a reasonable accuracy from sequence information alone. The prediction gave a good overall agreement with data available on the structural and domain organization of core proteins, and identified the known RNA-binding domains as highly flexible regions within the proteins ([Figure 1](#F1){ref-type="fig"}). In order to increase the confidence of the prediction, the same sequences were also submitted to the IUPred \[<http://iupred.enzim.hu/index.html> ([@B32])\] and FoldIndex \[<http://bip.weizmann.ac.il/fldbin/findex> ([@B33])\] servers, which use different parameters for disorder prediction, based on the estimated pair-wise energy content or the ratio of the hydrophobicity and net charge of a sequence, respectively ([@B34],[@B35]). Both IUPred and FoldIndex gave similar disorder-order profiles to that of the VL3-H predictor shown on [Figure 1](#F1){ref-type="fig"} (data not shown).

HCV and GBV-B core proteins are believed to share a common domain organization ([@B9],[@B36]), with an N-terminal, highly basic RNA-binding domain (domain 1 or D1) and a C-terminal, fairly hydrophobic domain (D2), which mediates lipid droplet association of the proteins ([@B7],[@B9]). As shown in [Figure 1](#F1){ref-type="fig"}, the two domains are clearly separated by their disorder profile and their basic amino acid content, where the RNA-binding region is highly flexible and rich in basic residues. In its unbound state, HCV core protein has been shown to lack considerable structure \[([@B36]) and [Figure 5](#F5){ref-type="fig"}\]. Interaction with intracellular membranes was proposed to induce the formation of a helix-loop-helix structure in D2, which is thought to be essential for the concomitant folding of the full-length (FL) protein into an α helix-rich conformation ([@B36],[@B37]). Importantly, the isolated N-terminal domain of HCV core was shown to mediate RNA-binding ([@B5]), RNA chaperoning ([@B25],[@B26]) and *in vitro* particle assembly ([@B38],[@B39]), indicating that D2-mediated folding is not essential for these processes.

The crystal structure of WNV core protein and the NMR structure of the related DEN core have recently been reported ([@B40],[@B41]). With the exception of amino acid residues 1--20 and a short C-terminal tail, which appear to be highly flexible ([@B40; @B41; @B42]), these flavivirus core proteins adopt a compact dimeric fold consisting of four α-helices per monomer, with distinct putative RNA binding and membrane interaction surfaces, proposed based on the asymmetric spatial charge distribution of the dimer ([@B41]). According to this model, RNA binding is mediated by the most C-terminal α-helix of the protein. In addition, specific *in vitro* association of the isolated N- and C-terminal regions (32 and 26 amino acids, respectively) with viral RNA fragments has been reported ([@B43]).

While hepaci- and flavivirus core proteins contain additional domains besides the markedly basic RNA-binding region(s), BVDV core protein seems to lack distinct functional domains, and shows a uniform charge distribution along its length. Interestingly, BVDV core is predicted to be completely disordered ([Figure 1](#F1){ref-type="fig"}), indicating that it may function as an intrinsically unstructured protein.

*Flaviviridae* core proteins possess DNA-annealing activity
-----------------------------------------------------------

Full-length *Flaviviridae* core proteins were expressed in *E. coli* with a C-terminal (His)~6~-tag to facilitate their purification (see Materials and Methods section). The ability of purified proteins to stably bind RNA and DNA was verified by means of mobility shift assays. All four proteins bound both to RNA and DNA without a strict sequence specificity, and they caused complete retention of the nucleic acids at the top of the gel (indicative of the formation of large nucleoprotein complexes) at a protein-to-nucleotide molar ratio of ∼1:20 (data not shown).

In order to assess the putative nucleic acid chaperone activity of *Flaviviridae* core proteins, their capacity to enhance the annealing of complementary ODNs was examined. The 56-mer Tar(−) ODN can form a stable hairpin structure, which impedes its hybridization with the complementary Tar(+) ODN. Strand annealing can occur only at high temperatures or in the presence of a protein with nucleic acid chaperone activity \[[Figure 2](#F2){ref-type="fig"}A, ([@B18])\]. The helix-destabilizing activity associated with nucleic acid chaperones is essential for efficient hybridization, since molecular crowding or charge neutralization caused by basic peptides or single-stranded nucleic acid-binding proteins without chaperone activity were shown not to be sufficient for duplex formation ([@B25]). ^32^P-labelled Tar(−) and Tar(+) were incubated with increasing amounts of proteins at 37°C for 5 min. After dissociation of the DNA--protein complexes, duplex formation was analysed by native polyacrylamide gel electrophoresis. In the absence of protein, no significant annealing was detected at 37°C ([Figure 2](#F2){ref-type="fig"}A, lane 3), while complete hybridization was achieved upon 30 min incubation at 62°C (lane 2). Co-incubation of the complementary ODNs with any of the *Flaviviridae* core proteins (at increasing protein-to-nucleotide molar ratios) strongly enhanced annealing at 37°C (lanes 4--27), in all cases leading to complete complex formation at a protein-to-nucleotide molar ratio of 1:5. Annealing of Tar(−) and Tar(+) ODNs was found to be extremely rapid with all core proteins tested, reaching almost maximal duplex formation at very early time points, after 10--30 s incubation with the proteins (data not shown), indicating that core protein chaperoning probably involves only a limited number of binding-and-release cycles. Figure 2.*Flaviviridae* core proteins exhibit DNA annealing activity. (**A**) Schematic representation of the DNA annealing assay. Radioactively labelled Tar(−) and the complementary Tar(+) ODNs are incubated in the absence or presence of the putative nucleic acid chaperone. Efficient hybridization of the oligonucleotides takes place only at elevated temperatures or in the presence of a protein with nucleic acid chaperone activity. (**B**) Annealing of complementary oligonucleotides is promoted by core proteins. ^32^P-labelled Tar(−) ODN was incubated together with Tar(+) ODN in the presence of increasing amounts of the proteins, as indicated at the top of the figure. Protein-to-nucleotide molar ratios were 1:160, 1:80, 1: 40, 1:20, 1:10 and 1:5 for each protein tested (corresponding to 1, 2, 4, 8, 16 and 32 nM protein concentrations, respectively). Lane 1: labelled Tar(−) ODN alone; lane 2: Tar(−)/Tar(+) complex formed by heat annealing at 62°C, without protein; lane 3: Tar(−)/Tar(+) complex formation at 37°C in the absence of protein; lanes 4--9, 10--15, 16--21 and 22--27: complex formation at 37°C in the presence of increasing concentrations of HCV, GBV-B, WNV and BVDV core proteins, respectively. Tar(−) migrates as two distinct bands due to its extensive secondary structures.

Overall, these results show that *Flaviviridae* core proteins, despite their highly divergent sequences and markedly different domain organization, all facilitate nucleic acid annealing.

Enhancement of hammerhead ribozyme cleavage by *Flaviviridae* core proteins
---------------------------------------------------------------------------

RNA chaperone proteins can destabilize existing interactions within and between RNA molecules, thus allowing formation of new contacts ([@B44]). Due to this mechanism, RNA chaperones can facilitate both the annealing of RNA strands and the unwinding of pre-formed helices. A canonical *in vitro* assay to examine both facets of RNA chaperoning is the hammerhead ribozyme cleavage assay \[([@B21],[@B45; @B46]), [Figure 3](#F3){ref-type="fig"}A\]. In the absence of protein cofactors, hammerhead ribozyme-mediated cleavage is relatively slow, limited either by the slow rate of substrate-ribozyme complex formation, especially at subsaturating substrate concentrations (step 1 on [Figure 3](#F3){ref-type="fig"}A), or by the slow release of the cleavage products (step 3). RNA chaperones, such as hnRNP A1, the FMRP and HIV-1 NCp7 were shown to accelerate both annealing and product release, thus allowing fast recycling of the ribozyme ([@B21],[@B45; @B46; @B47]). Figure 3.Enhancement of hammerhead ribozyme cleavage by *Flaviviridae* core proteins. (**A**) Schematic representation of the hammerhead ribozyme RNA cleavage reaction. Efficient cleavage of the ^32^P-labelled RNA substrate (S14) by the R3 hammerhead ribozyme necessitates hybridization of the substrate to the complementary region in the ribozyme sequence (step 1), and release of the cleaved products (step 3), allowing the cyclic reuse of the ribozyme. In the absence of a nucleic acid chaperone, steps 1 and 3 are slow, while both annealing and ribozyme turnover are greatly accelerated by proteins with nucleic acid chaperone activity. S14 RNA substrate cleavage is indicated by the arrow. (**B**) Hammerhead ribozyme-mediated cleavage is enhanced by *Flaviviridae* core proteins. R3 ribozyme and S14 substrate RNA were incubated and analysed as described in Materials and Methods section. Lanes 1 and 2: substrate cleavage in the absence of protein at 4°C and 37°C; lanes 3 and 4, 5 and 6, 7 and 8, 9 and 10, 11 and 12 and 13 and 14: substrate cleavage at 37°C in the presence of proteins (as indicated at the top of the figure), at 1:18 and 1:9 protein-to-nucleotide molar ratios (corresponding to 16.6 and 33.3 nM protein concentrations), respectively.

R3 hammerhead ribozyme and ^32^P-labelled S14 substrate (with a 14-nt long region base-pairing with the ribozyme) were incubated at 37°C for 25 min, together with *Flaviviridae* core proteins. Following incubation, proteins were removed by phenol--chloroform extraction and RNA products were analysed by PAGE under denaturing conditions. In the absence of protein, cleavage of the substrate occurred slowly, yielding ∼15% of product in 25 min at 37°C ([Figure 3](#F3){ref-type="fig"}B, lane 2). In contrast, all *Flaviviridae* core proteins caused a clear activation of ribozyme-directed cleavage of the S14 RNA substrate (compare lanes 7--14 with lane 2). The nucleocapsid protein of HIV-1 (NCp7, aa 1--72) was included as a well-characterized RNA chaperone and, as expected, it greatly facilitated the cleavage reaction (lanes 3--4). Conversely, a deletion mutant of NCp7 (aa 12--53) was inactive in this assay (lanes 5 and 6), despite its highly basic nature, confirming that *bona fide* RNA chaperone activity is necessary for the enhancement of ribozyme-mediated cleavage.

The chaperoning activity of *Flaviviridae* core proteins is resistant to heat denaturation
------------------------------------------------------------------------------------------

As a first approach to assess whether RNA chaperone activity is really mediated by unstructured proteic regions ([@B24]), we examined the heat resistance of *Flaviviridae* core chaperone function. In contrast to well-folded proteins that usually undergo irreversible denaturation upon heat treatment, intrinsically unstructured proteins (IUPs) are known to be mostly heat resistant ([@B48],[@B49]), a property that has been exploited for their purification ([@B50]) and large-scale identification ([@B51],[@B52]).

FL HCV core protein and its deletion mutants, as well as FL GBV-B, WNV and BVDV core proteins were boiled for 5 min, followed by immediate quenching on ice. Chaperone activity without and after boiling was analysed by the capacity of proteins to promote strand annealing of the complementary Tar(−) and Tar(+) ODNs ([Figure 2](#F2){ref-type="fig"}A). FL HCV and GBV-B core proteins retained most of their chaperone activity after boiling for 5 min (∼75%, based on PhosporImager quantification, see lanes 4--6 versus 7--9 in [Figure 4](#F4){ref-type="fig"}A and lanes 29--31 versus 32--34 in [Figure 4](#F4){ref-type="fig"}B). Surprisingly, both WNV core, a protein with a well-defined 3D structure ([@B40]), and BVDV core, which was predicted to be completely unstructured ([Figure 1](#F1){ref-type="fig"}), retained their full activity upon boiling (compare lanes 36--38 and 39--41, and 43--45 and 46--48 in [Figure 4](#F4){ref-type="fig"}B). Kinetic analysis of the heat resistance of WNV core protein chaperone activity indicated that it remains fully active up to 10 min of boiling, but further incubation at 100°C led to rapid loss of strand annealing activity (data not shown). Figure 4.Heat resistance of *Flaviviridae* core protein chaperoning activity. (**A**) and (**B**) ^32^P-labelled Tar(−) ODN was incubated together with Tar(+) ODN in the presence of increasing amounts of the proteins, as indicated at the top of the figure. Proteins were either kept on ice (labelled with 'N' for native) or boiled (labelled with 'H' for heat) for 5 min before mixing with the ODNs. Protein-to-nucleotide molar ratios were 1:40, 1:20 and 1:10 for each protein tested (corresponding to 4, 8 and 16 nM protein concentrations, respectively). Lane 1: labelled Tar(−) ODN alone; lane 2: Tar(−)/Tar(+) complex formed by heat annealing at 62°C, without protein; lanes 3, 28, 35 and 42: Tar(−)/Tar(+) complex formed at 37°C in the absence of protein; lanes 4--6, 10--12, 16--18, 22--24, 29--31, 36--38 and 43--45: complex formation at 37°C in the presence of increasing concentrations of proteins without prior boiling; lanes 7--9, 13--15, 19--21, 25--27, 32--34, 39--41 and 46--48: complex formation at 37°C in the presence of increasing concentrations of proteins after boiling. (**C**) Kinetics of hammerhead ribozyme cleavage in the presence of *Flaviviridae* core proteins. R3 ribozyme and ^32^P-labelled S14 substrate were incubated with core proteins at 1:20 protein-to-nucleotide molar ratio (corresponding to 15 nM protein concentrations) at 37°C. Reactions were stopped at different time points, as indicated in the figure. Proteins were either kept on ice (grey bars) or boiled for 5 min (black bars) before incubation with the RNAs. RNAs were resolved on an 8% denaturing polyacrylamide gel and the percentages of the cleaved S14 substrate were determined by autoradiography and PhosporImager quantification. As a control, R3 and S14 were co-incubated without protein either at 4°C or at 37°C (dark grey bars). Results of a representative experiment are shown. Figure 5.Far-UV CD analysis of HCV and GBV-B core proteins. CD spectra were recorded at 20°C, in 20 mM sodium phosphate buffer (pH 7.4) containing 5 mM 2-mercaptoethanol.

C-terminally truncated HCV core proteins \[core(2--117), corresponding to the D1 domain of the protein, and core([@B2; @B3; @B4; @B5; @B6; @B7; @B8; @B9; @B10; @B11; @B12; @B13; @B14; @B15; @B16; @B17; @B18; @B19; @B20; @B21; @B22; @B23; @B24; @B25; @B26; @B27; @B28; @B29; @B30; @B31; @B32; @B33; @B34; @B35; @B36; @B37; @B38; @B39; @B40; @B41; @B42; @B43; @B44; @B45; @B46; @B47; @B48; @B49; @B50; @B51; @B52; @B53; @B54])\] exhibited potent annealing activities ([Figure 4](#F4){ref-type="fig"}A, lanes 10--12 and 16--18), in agreement with our earlier findings ([@B25],[@B26]). Duplex formation was slightly reduced with heat treated core(2--117) but was not affected with core(2--54) (lanes 13--15 and 19--21, respectively).

Since Tar(−)/Tar(+) complex formation reaches a maximum level extremely rapidly in the presence of *Flaviviridae* cores, it was possible that a potential decrease in RNA chaperone activity upon boiling of the proteins would be masked by the relatively long incubation time in these assays. In order to compare the kinetics of chaperoning associated with core proteins before and after boiling, we took advantage of the relatively slow reaction rates of the ribozyme cleavage reaction. R3 hammerhead ribozyme and ^32^P-labelled S14 substrate were incubated together with *Flaviviridae* core proteins with or without prior boiling. Reactions were stopped after 2, 8, 16 or 30 min of incubation, and the ratio of cleaved versus uncleaved substrate RNA was determined by autoradiography following denaturing gel electrophoresis ([Figure 4](#F4){ref-type="fig"}C). After 30 min incubation, ∼20% of the substrate RNA was cleaved in the absence of protein. As expected, all core proteins induced a considerable increase in the cleavage rates, with hepacivirus core proteins demonstrating a higher activity compared to WNV and BVDV cores ([Figure 4](#F4){ref-type="fig"}C). Importantly, boiling of the proteins for 5 min before incubation with the RNAs did not have an effect either on the kinetics or on the end-point of the reaction, indicating that heating does not lead to a decrease in the RNA chaperone activity of *Flaviviridae* core proteins.

Overall, the potent strand annealing activity and facilitation of ribozyme cleavage retained after boiling of the proteins provide convincing evidence that heat resistance is a general feature of *Flaviviridae* cores.

Investigating the secondary structure content of *Flaviviridae* core proteins
-----------------------------------------------------------------------------

In order to get further insights into the structural requirements for RNA chaperoning, we carried out far-UV CD measurements on FL HCV, GBV-B, WNV and BVDV core proteins, and on HCV core(2--117). The secondary structure of HCV core has been well characterized before ([@B36],[@B53]), and was included in these studies only for a direct comparison with other *Flaviviridae* core proteins ([Figure 5](#F5){ref-type="fig"}). The isolated N-terminal domain of HCV core \[core(2--117)\], as well as the FL HCV and GBV-B core proteins are mostly unstructured in solution, showing an ellipticity minimum at ∼198 nm, characteristically of random-coil like peptides \[([@B36]) and [Figure 5](#F5){ref-type="fig"}\]. Indeed, estimation of the secondary structure content by CD deconvolution indicated \<10% α-helical structure for hepacivirus core proteins \[([@B36]) and data not shown\]. As previously reported, FL HCV core \[core(2--169)\] requires the presence of mild, non-ionic detergents \[such as 0.1% *n*-dodecyl β-[d]{.smallcaps}-maltoside (DM)\] for efficient solubilization, presumably mimicking the effect of lipid droplet association. Under these conditions HCV core adopts a mostly α-helical conformation \[([@B36]), and [Figure 6](#F6){ref-type="fig"}A\]. Figure 6.Far-UV CD analysis of core proteins. Far-UV CD spectra of HCV (**A**), GBV-B (**B**), WNV (**C**) and BVDV (**D**) core proteins. Measurements were done in 20 mM sodium phosphate buffer (pH 7.4) containing 5 mM 2-mercaptoethanol. For HCV and GBV-B core proteins, the buffer also contained 0.1% *n*-dodecyl β-[d]{.smallcaps}-maltoside (DM). Spectra were recorded at 20°C, at 95°C after slow heating of the protein, and again at 20°C after slow cooling. Melting curves were recorded at 222 nm, during the heating and cooling processes. Secondary structure content was calculated by the k2d method of spectral deconvolution (<http://www.cryst.bbk.ac.uk/cdweb/html/home.html>).

In order to examine the effect of temperature on the conformation of core proteins, far-UV CD spectra were recorded at 20°C, followed by slow (1°C/min) heating of the samples up to 95°C, with constant monitoring of thermal unfolding at 222 nm ([@B54],[@B55]). A second CD spectrum was recorded at 95°C, and conformational changes associated with the slow (1°C/min) cooling of the samples were followed again at 222 nm. Upon heating of HCV core(2--169) in 0.1% DM, the protein underwent irreversible denaturation, as indicated by the markedly different spectra recorded at 222 nm upon heating and cooling ([Figure 6](#F6){ref-type="fig"}A). The denaturation was characterized by a decrease in α-helix content (from 44% to 28%), a decrease in the content of unordered structures (from 50% to 41%), and by an increase in β-sheet content (from 6% to 31%). After renaturation, the content in secondary structures remained nearly the same as it was at 95°C ([Figure 6](#F6){ref-type="fig"}A).

Similarly to HCV core, adding 0.1% DM to GBV-B core protein led to the formation of partly α-helical structure ([Figure 6](#F6){ref-type="fig"}B). Ellipticity changes upon heating and cooling indicated that GBV-B core denaturation was mostly reversible in the presence of DM ([Figure 6](#F6){ref-type="fig"}B). The denaturation was characterized by a decrease in α-helix content (from 39% to 26%), a decrease in the content of unordered structures (from 50% to 44%), and by an increase in β-sheet content (from 11% to 30%). After renaturation, the content of β-sheets and of unordered structures was nearly the same as it was before heating, while the content of α-helices remained the same as it was at 95°C ([Figure 6](#F6){ref-type="fig"}B).

In agreement with the available stuctural data on flavivirus capsid proteins ([@B40; @B41; @B42]), WNV core exhibited the characteristics of an α-helical protein, with local molar ellipticity minima at 208 and 222 nm ([Figure 6](#F6){ref-type="fig"}C). Estimating the secondary structure content of WNV core by CD deconvolution gave ∼77% α-helix, in accordance with the published crystal structure of the protein ([@B40]). Ellipticity changes at 222 nm upon heating of the protein showed a classical denaturation curve ([Figure 6](#F6){ref-type="fig"}C). Surprisingly, denaturation of WNV core was mostly reversible, as shown by the renaturation curve and the spectrum recorded at 20°C after cooling of the sample ([Figure 6](#F6){ref-type="fig"}C). In separate experiments, we obtained full renaturation of WNV core protein after heating at 95°C (data not shown). The reason for this discrepancy is currently unknown. The reversibility of the WNV core protein denaturation was confirmed by the determination of similar secondary structure content prior to heating and after cooling of the protein ([Figure 6](#F6){ref-type="fig"}C).

BVDV core protein, in agreement with the disorder prediction ([Figure 1](#F1){ref-type="fig"}), was found to be completely unstructured at 20°C, as evidenced by the pronounced minimum in the CD spectrum observed at ∼200 nm ([Figure 6](#F6){ref-type="fig"}D).

The chaperoning activity of the C-terminal RNA-binding region of WNV core
-------------------------------------------------------------------------

The isolated N- and C-terminal regions of the WNV core protein were found to independently bind RNA ([@B43]). Using the strand-annealing assay ([Figure 2](#F2){ref-type="fig"}A), we examined the chaperoning activity of the N-terminal (WNV 1--24) and C-terminal (WNV 80--105) core peptides. The two peptides are similar in length and basic amino acid content (7 basic residues for WNV 1--24 versus 8 for WNV 80--105). As shown in [Figure 7](#F7){ref-type="fig"}A, WNV 1--24 exhibited only a low level of strand-annealing activity, while WNV 80--105 caused efficient DNA duplex formation. Incubation of the ODNs with WNV 1--24 and WNV 80--105 together did not result in a considerable increase in annealing compared to WNV 80--105 alone, indicating that the two peptides do not act in a cooperative manner ([Figure 7](#F7){ref-type="fig"}A). Figure 7.Strand-annealing activity of WNV core peptides. (**A**) ^32^P-labelled Tar(−) ODN was incubated together with Tar(+) ODN in the presence of increasing amounts of the proteins, as indicated at the top of the figure. Protein-to-nucleotide molar ratios were 1:160, 1:80, 1:40, 1:20, 1:10 and 1:5 for each protein tested (corresponding to 1, 2, 4, 8, 16 and 32 nM protein concentrations, respectively). Lane 1: Tar(−)/Tar(+) complex formed at 37°C in the absence of protein; lane 2: Tar(−)/Tar(+) complex formed by heat annealing at 62°C, without protein; lanes 3--8, 9--14, 15--20 and 21--26: complex formation at 37°C in the presence of increasing concentrations of proteins. (**B**) Enhancement of hammerhead ribozyme cleavage by WNV core peptides. R3 ribozyme and ^32^P-labelled S14 RNA substrate were incubated at 37°C for 25 min in the presence of increasing amounts of the proteins, as indicated in the figure. Protein-to-nucleotide molar ratios were 1:20, 1:10, 1:5 and 1:2.5 for each protein tested (corresponding to 15, 30, 60 and 120 nM protein concentrations, respectively). RNAs were resolved on an 8% denaturing polyacrylamide gel and the percentage of the cleaved S14 substrate was determined by autoradiography and PhosporImager quantification. As a control, R3 and S14 were co-incubated without protein either at 4°C or at 37°C (grey bars). Results of a representative experiment are shown. (**C**) Far-UV CD spectra of WNV core peptides. CD spectra were recorded at 20°C, in 20 mM sodium phosphate buffer (pH 7.4) containing 5 mM 2-mercaptoethanol.

The RNA chaperone activity of the WNV (80--105) peptide was further confirmed with the ribozyme cleavage assay, which requires both the strand annealing and helix unwinding activities of a chaperone. In agreement with the results of the strand-annealing assay, WNV (80--105) peptide caused a clear activation of the ribozyme-directed S14 RNA cleavage, while WNV peptide (1--24) did not accelerate the cleavage reaction at all ([Figure 7](#F7){ref-type="fig"}B). Interestingly, at the highest protein-to-nucleotide molar ratio used in this experiment (one protein molecule per 2.5 nt), the FL WNV core protein demonstrated sub-optimal cleavage enhancement, emphasizing that RNA chaperoning occurs in a relatively narrow 'window of activity' ([@B18],[@B20]). While a low protein--RNA ratio probably favours high affinity interactions (selection of RNA substrates) over chaperoning, a high occupancy of RNA molecules by the chaperone could 'freeze' RNA structure, hindering conformational rearrangements ([@B18],[@B20]).

CD spectroscopy of WNV peptides (1--24) and (80--105) revealed that they are both completely unfolded ([Figure 7](#F7){ref-type="fig"}C; deconvolution data not shown), suggesting that RNA chaperone activity of WNV core protein does not require a well-defined structure.

DISCUSSION
==========

RNA chaperone activity of *Flaviviridae* core proteins and possible functional implications
-------------------------------------------------------------------------------------------

The genomic RNA (gRNA) of non-segmented positive sense RNA viruses plays complex, temporally and spatially regulated roles throughout the virus life cycle. It serves both as a template for minus-strand RNA or DNA synthesis and as an mRNA directing the translation of viral proteins, and lastly, it is specifically packaged into newly made progeny virions. To accomplish these functions, the gRNA relies at least in part on short specific *cis*-acting RNA elements (CREs), which regulate viral translation, replication with possible recombination events and virion assembly in infected cells ([@B22; @B23],[@B56; @B57]). Thus, the gRNA and its CREs most probably undergo complex structural rearrangements, assisted by a virus-encoded protein with nucleic acid chaperone activities. The best-characterized example of a viral nucleic acid chaperone is the small nucleocapsid protein (NCp7) of human immunodeficiency virus type 1 (HIV-1). NCp7 mediates several RNA--RNA and RNA--DNA interactions and gRNA rearrangements that are required at multiple stages of the virus replication cycle, such as initiation and completion of viral DNA synthesis, virus assembly, genome dimerization and packaging ([@B22],[@B23],[@B56]). In addition, NCp7 most likely contributes to the genetic variability of HIV-1 by promoting gRNA dimerization, thus enhancing the frequency of copy-choice recombination ([@B58]).

The core protein of HCV exhibits striking similarities to HIV-1 NCp7, as evidenced by its potent *in vitro* nucleic acid chaperone activities, facilitating RNA--RNA interactions and structural rearrangements ([@B25],[@B26]). Further strengthening the analogy with retroviruses, the genomic RNA of HCV contains a short palindromic CRE mediating dimerization of the gRNA 3′ untranslated region (UTR) upon core protein binding *in vitro* ([@B25],[@B26]). Albeit the physiological relevance of this interaction is still not clear, it is tempting to speculate that RNA structural rearrangements induced by HCV core chaperoning---including genomic RNA dimerization---may constitute regulatory switch(es) between translation/replication or replication/packaging of the viral RNA.

The closest relative of HCV is GB virus-B, a hepatotropic virus with unknown natural host range that was shown to be infectious in New World monkeys ([@B59]). Even though the similarity between HCV and GBV-B is only ∼25--30% at the protein level ([@B60]), the two viruses show striking resemblance in virtually every aspect of their replication strategy and structural features, including the tripartite organization of the 3′ UTR, IRES structure and translation mechanism, and lipid droplet association of the core protein ([@B3]). By means of classical *in vitro* RNA chaperone assays (e.g. strand annealing, strand exchange and ribozyme assays; [Figures 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}, and data not shown), we showed that nucleic acid chaperone activity is also conserved between the two hepacivirus core proteins, and that GBV-B core also efficiently facilitates the formation of the most stable nucleic acid structure. In addition, similarly to HCV, GBV-B core protein binding induced dimerization of the 3′ UTR of the GBV-B gRNA (R.I.-N. and J.-L.D., unpublished data), suggesting that core-mediated dimerization is a common feature in the hepacivirus genus.

Despite a lack of significant similarity with hepacivirus cores in amino acid sequence or domain organization ([Figure 1](#F1){ref-type="fig"}), core proteins of the flavivirus WNV and the pestivirus BVDV both demonstrated potent RNA chaperone activities *in vitro* ([Figures 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). Currently, we are investigating potential CREs in the WNV and BVDV genomic RNAs possibly regulated by core chaperoning. Preliminary results show that the 5′ and 3′ conserved sequence (CS) elements of the WNV genome---involved in long-range RNA--RNA interaction, leading to genome cyclization necessary for viral replication ([@B61; @B62; @B63; @B64])---require the strand annealing activity provided by RNA chaperones for efficient interaction (R.I-.N. and J.-L.D., unpublished data).

Intrinsic disorder and RNA chaperone activity
---------------------------------------------

The mechanism of action of RNA chaperone proteins is still not well understood. According to the recently proposed entropy exchange model, intrinsically unstructured, highly flexible protein regions would play an essential role in facilitating RNA structural rearrangements in an ATP-independent manner, probably by providing the energy necessary for partially melting the misfolded RNA structure through an entropy exchange process, coupled with the cyclic RNA binding and release of the protein ([@B24]). Experimental evidence for the role of unstructured domains in RNA chaperone function is still scattered and incomplete ([@B20],[@B24]). Based on bioinformatic analysis of a dataset consisting of 27 RNA chaperone proteins, Tompa and Csermely ([@B24]) found that the frequency of long, continuous disordered fragments in RNA chaperones is considerably higher than in any other protein class examined so far. However, in most cases the protein region responsible for the RNA chaperone function is not precisely mapped, preventing the straightforward assessments of the correlation between disorder and chaperoning.

In spite of significant differences in their sequence and domain organization, *Flaviviridae* core proteins all possess RNA chaperone activities, thus providing an ideal model system to study the common (sequence and structural) requirements for chaperone function. In order to examine whether intrinsic disorder really plays an important role in chaperone activity, we analysed the secondary structure content of *Flaviviridae* core proteins by far-UV CD spectroscopy both at room temperature, and during thermal denaturation and renaturation. In agreement with *in silico* predictions ([Figure 1](#F1){ref-type="fig"}), the four proteins were found to contain various amounts of secondary structure. Hepacivirus (HCV and GBV-B) core proteins are mostly unstructured in solution ([Figure 5](#F5){ref-type="fig"}), and they only gain an α-helical conformation in membrane-mimetic environments, provided in our experiments by 0.1% dodecyl maltoside ([Figure 6](#F6){ref-type="fig"}A and B). This property is due to the presence of hydrophobic domain D2 ([Figure 1](#F1){ref-type="fig"}) involved in lipid droplet association ([@B9],[@B37]). Nevertheless, even in these conditions, approximately half of the protein remained highly flexible, as shown by the estimation of secondary structure content for both HCV and GBV-B core ([Figures 6](#F6){ref-type="fig"}A and B). In sharp constrast, WNV core was found to be mostly structured by CD spectroscopy ([Figure 6](#F6){ref-type="fig"}C), in agreement with the published crystal structure of the protein ([@B40]). Despite these structural differences between hepacivirus and flavivirus core proteins, relatively short unstructured peptides were shown to be responsible for the chaperone activity of both HCV and WNV cores \[([@B26]), and [Figures 4](#F4){ref-type="fig"} and [7](#F7){ref-type="fig"}\]. Surprisingly, BVDV core protein was found to completely lack a well-defined structure, as evidenced by its CD spectrum at 20°C and 95°C ([Figure 6](#F6){ref-type="fig"}D). Further supporting the hypothesis that a well-defined structure is not required for RNA chaperoning, *Flaviviridae* core proteins retained most of their chaperone activity after heat 'denaturation', a characteristic feature of intrinsically unstructured proteins ([Figure 4](#F4){ref-type="fig"}).

Overall, these experiments show that even closely related RNA chaperones may utilize different strategies and structural features to carry out the same function, and that RNA chaperone activity of *Flaviviridae* core proteins is mediated by disordered, highly charged protein segments, lending experimental support to the entropy exchange hypothesis.

SUPPLEMENTARY DATA
==================

Supplementary Data are available at NAR Online.
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